Differentially filtered, photoconductive, neutron-irradiated diamond detectors have been employed to investigate the temporal and energy distribution of an intense pulsed proton beam. Results were compared against measurements obtained using differentially filtered radiachromic film, electromagnetic (EM) techniques, timeof-flight techniques, and calorimetric instruments.
I. INTRODUCTION
The measurement techniques discussed in h s paper were designed to measure proton beam parameters which are of sigdlficance in thermostructural response investigations. Diamond detectors are particularly well suited for measuring the high dose rates that occur in soft x-ray and pulsed ion beam environments, up to lOI4 rads(Si)/s. Further, they are rugged, exhibit excellent electrical and mechanical properties, and provide a sufficiently large signal to recommend their use in an energy spectrophotometer. The results of efforts to develop a four-channel diamond photoconductive proton energy spectrometer are discussed in this paper.
Four diamond photoconductive detectors (PCD's) with dimensions (1 .2)2mm2 x 0.1 mm were obtained from R. Wagner.
[l] The detectors were fabricated by vacuum flashmg gold electrodes onto the 0.1 x 1.2 mm2 ends of the irradiated diamond of conduction electrons, meaning that PCD's such as those described remain unsaturated even at hgh proton beam dose rates. The high capture rate of conduction electrons also explains the low sensitivity (bulk conductivity) and excellent time resolution of PCD detectors. [ 
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The four channel PCD spectrometer was used in the characterization of the Aurora proton beam. The Aurora [5-81 accelerator at the Army Research Laboratory was the world's largest multi-megavolt proton generator usable for thermostructural response testing. The PCD spectrometer beam diagnostics were augmented by electromagnetic, stacked-filtered radiachromic film dosimetry and calorimetric techniques.
Aurora's proton beam exhlbited a fluence nominally between 1 and 10 J/cm2 over an area of about 1000 cm2. Although stacked foil and other Merentia1 filtering techniques have been known for many years [9] , further development to extend their suitability to the higher dose rate proton beams was required. For thennostructural response testing the relevant experimental value is dose as a function of depth. Dose rate as a function of depth is useful when proton fluence generates mechanical shock.
DIAMOND PHOTOCONDUCTIVE DETECTORS
and then cementing those ends to a mechanical supporthermina1 connection with conducting epoxy. Each was exposed to a neutron fluence of 2.15 x 10l6 cme2 SDE (1 MeV silicon dose equivalent) The resulting interstitial damage determines the short lifetimes
The radiation response of diamond photoconductive detectors can be understood in terms of a simple model. In general, there are two distinct extreme cases when considering PC 
where I is the detector current, D is the radiation flux in rads(C)/sec, q is the electronic charge, p* is the electron drift velocity, t is the carrier relaxation time, p is the density of the semi-conductor, (Vol) is the semi-conductor active volume, L is the contact spacing on the detector, W is the average energy to create an electron-hole pair in the semiconductor (approx. 5.5 eV fos diamond ), and V is the voltage across the PCD. when the incident radiation has a range less than the detector thickness, it can be shown that Figure 2 shows the experimental arrangement designed to produce the proton beam. The closely spaced filtered PCD diamonds (maximum distance between PCDs 2 cm) could be located at various positions in the drift tube. One of these positions is indicated in figure 2 . EM measurements are made at the various places indicated. Ion current is measured using three azimuthal distributed Bdot sensors labelled BDCIn (n = 1 -3), and positioned at the diode exit. Voltage is determined fiom self-integrating electric field sensors marked EKCC. Electrons are emitted f?om a cylindncal cathode and impinge on a 2-11x1 polyethylene foil, ionizing the foil and producing protons. Slow-moving protons are accelerated longitudinally in the opposite direction from the electron flow. The relationship between the electrons and protons is described in Figure 3 . [ Figure 6a illustrates a similar measurement obtained during a dBerent shot using four diamond detectors shielded behind four absorbers of varying thicknesses, specifically, 0.0, 21.5, 34.7 and 50.6 mg/cm2 Al. Pulse width for lightly filtered PCDs is much larger than for more heavily filtered ones. Also, peak signal decreases with increasing filter thickness. Clearly, energetic ions capable of penetrating the thickest filter are present for only short durations, while less energetic ions penetrating into detectors shielded by lighter filters comprise more of the pulse. For example, the pulse width seen behind a 2 1.5 mg/cm2 filter is about 50 ns. A pulse width of 3 ns is measured behind the 50.6 mg/cm2 filter. If the proton has enough energy so that through the PCD, the large deposition of ionizing energy into the PCD due to the Bragg peak does not occur.
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V. RADIACHRQMIC STACKED FOIL
MEASUREMENTS
Up to this point we have limited our discussion to temporal proton distributions. We can cross check our results and obtain information on integrated pulse energy or dose by employing stacked radiachromic films and calorimetry measurements.
Radiachromic-proton dosimetxy measurements [ 1 1,121 on the depth-dose profile of the proton beam were made using a stack of aluminum foils sandwiched between radiachromic nylon films. The dose in the film is determined from the change in optical density, OD, measured at two wavelengths, i.e. 6000 and 5 10OAO. should be recalibrated because there is a batch to batch shift on the log-log plots".
Delta odmm corresponds to the change in optical density divided by foil thickness in mm. Proton Energy (MeV)
ofradiachromic films in 20 foil ts can be interpreted by stribution of the proton-beam energy. Figure 11 shows the acked-foil, du"-proton energies, and a proton-beam energy. distributions e shown in figure 10, e 11. The different energy distributions in gaps in figure 10 . The e kinetic proton energy determined by stacked oton kinetic energy corresponding to VII. CALORIMETRY MEASUREMENTS Figure 14 shows a digitizer trace corresponding to a typical calorimeter measurement. The decay of the curve in this figure corresponds to the temperature loss of the tantalum calorimeter foil as a h c t i o n of time. Table I compares a number of stacked-foil energy measurements with calorimetry measurements obtained adjacent to the stacked foil. 
WI. COMPARISON OF RADIACHROMIC AND EM MEASUREMENT
The total incident fluence or energy was determined by me-g a spatial distribution of dose (measured by radiachromic film) along the radius of the drift tube about 2 meters fiom the diode. The dimensions of the vertical radial distribution and the partial $orizontal distribution of the radiachromic f i l m positions are shown1 in figure 15 . Figure 16 shows plots of horizontal and vertical distributions of dose meyements. The dotted line comsppds to vertical distribution measurements, the dashed line corresqonds to folded horizontal measurements. The solid line is a curve fit to the measurements. By integration, the total dose corresponds to :
2x ( /05t7)rci.r) = 7.4x 103 joules.
(3)
The cqrresponding electromagnetic measurements for the same Aurora shot yielded 6 . 9~ lo3 joules.
EM measurements of the proton beam current and diode voltage can be analyzed to yield the power of the incident proton beam. Figure 17 shows the measured proton current and diode voltage. The diode voltage was determined by subtracting the 2707 voltage across the flash-over switch from the voltage measured just upstream by the sensor marked EKCC. The product of the voltage and ion current or incident beam power is shown in figure 18 . The total beam power can then be related to the total integrated dose. For the particular AURORA shot analyzed, ion incident energy determined from the integrated power pulse was 6 . 9~1 0~ joules. As already indicated, the agreement was within 5% of the results i.e. calculated from data shown in figure 16. can successfully be combined to achieve the characterization of proton beam parameters of sigdtkance in thermostructural response investigations. 
